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H jlk ϕi (r,R) = Vi (R)ϕi (r,R) ,
v�r z*y

HKe[J^}�GWQtQYG
lwNYL[Z TUJ�QPO
HUNtGWL.RMOIL.�pJkJ�m�HKT�O]RsHUJMo�}�G]T�HUe[J�onJ�TUNY_�OIHKNY_]J^R?GWi[d[QYNtL[Z
T

(1)
ji

u

(∇
egfih
H jlk )ϕi +H jlk (∇ egf5h ϕi) = (∇

egf5h
Vi)ϕi + Vi (∇

egfih
ϕi)

v r {]y
〈ϕj |(∇H jlk )|ϕi〉 + 〈ϕj |H jlk | ∇ϕi〉

= 〈ϕj |(∇Vi (R))|ϕi〉 jlk + 〈ϕj |Vi| ∇ϕi〉
v r ~Wy

〈ϕj |(∇H jlk )|ϕi〉 + Vj 〈ϕj |∇ϕi〉

= (∇Vi (R)) δji + Vi 〈ϕj |∇ϕi〉
v r �Iy

→ T
(1)
ji = 〈ϕj |∇

egf5h
ϕi〉 =

〈ϕj |(∇
egf5h
H jlk )|ϕi〉 jlk

Vi (R) − Vj (R)
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u

ψ =
∑

ϕ
( _ )
i χ

( _ )
i = ϕa+

χ( _ ) = ϕa+

U · U+χ( _ ) v r	�Wy

=
(
U

+ϕa
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(

U
+χ( _ )) = ϕd+

χ( � ). vEy��Wy
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HUNtGWL

U
+ OITUJ�onJML[GIHUJMo ϕ( � ) O]Lfo χ( � ) �TKJ(VXd,JMR?HKNY_]JMQtaWg

��GkGW�nHUO]NtLcHUe[J|�nR�e[T<xnonNYL[Z]JMT�J �*ifO
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egf5h OILfo
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egfih
χ( _ ) = −

~
2
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∇2egf5h (

Uχ( � )) vEy[j(y
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~

2

2µ

[(
∇2

U
)
χ( � ) + 2 (∇U)

(
∇χd

)
+ U

(
∇2χd

)] vEyWr]y
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~

2

2µ

[(
∇2

U
)

+ 2 (∇U)∇ + U∇2
]
χ( � ) vEy yWy
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( _ )χ( _ ) = −
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2

2µ

[

2T(1)∇ + T
(2)
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χ( _ ) vEy z*y
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2T(1) (∇U) + 2T(1)
U∇ + T

(2)
U

]

χ( � ) vEy {]y
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T
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Uχ( � ) vEy ~Wy
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)
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2
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∇2
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)
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2
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(1)

U
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efO]V�LfGIH��,J�JML�TKJ(V�HUTKNPRsHUJMo`a]J�HM��VXG�OIH{HKe[NPV{d,G]NYL*H�NtH\R�O]L`�,J�R�e[G*VXJML�VXifR�e9OWV%HKG VXGWQt_WJ

HKe[J�o[N � J�TUJ�L*HKNPOIQSJ��*ifO
HUNtGWL
∇U + T

(1)
U = 0.
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∇2
U +

(

∇T
(1)
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U + T
(1)∇U = 0
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ϕ
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∇T

(1)
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= T
(2) −T

(1)2 �pVXG�vUy��Wy�HUO �]J(V�HUe[J^}�G]TUb

∇2
U + T

(2)
U −T

(1)2
U + T

(1)∇U = 0.
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(1) HUG9HKefJ�Z]NY_]JML�TKJ(V�HUTKNPRsHUNtL[Z�J��*ifO
HUNtGWL vUy �*y�Z]NY_]J(V −T
(1)2

U = T
(1)∇UVKG`qfLfO]QtQYa

∇2
U + 2T(1)∇U + T

(2)
U = 0,

v zfj�y
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V
( _ ) −E

)
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~

2

2µ
U∇2

]

χ( � ) = 0.
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V
( � ) −E

)
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~

2

2µ
∇2

]

χ( � ) = 0 with V
( � ) = U

+
V

( _ )
U
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lwefNYR�e=efOWV�HKe[J^}�GWTKb G]}%OcVKNtbcd[QYJ��nR�e[T<xnonNtLfZ]J�T�J��WipO
HKNYG]L
[(

V
( � ) −E

)

+ T
egf5h ]

χ( � ) = 0
v z z�y
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i~χ̇( � ) =
[

V
( � ) + T

egf5h ]
χ( � ) = 0.
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(1)

T
(1) NYV^O]LWHUNtefJ�TUb`NtHKJ(OIL v�r	�*yDO]Lfo O]d[d[TUG�m�NYb�O
HUJ�QYa 	MJ�TUG#VKi �9R?NYJ�L*HKQYa=}xOIT^O�l�O�a�}�TUG]b R�TKG*VKVKNtLfZWVMg�hfG]TkOIL
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R�TKG*VKVKNYL[Z bcJ(onNYOIHKNYL[Z�OIL�OIQYQYG
l\J(o�HKT�OILpVXNtHKNYG]L.�pJ�H�l\JMJ�L

ϕ
( _ )
i

OILpo
ϕ

( _ )
j

�
T

(1)
ij

NYV�G]} HKJ�L=G]}Q}2GWTKJML*H 	�NPOIL=VKefOId,J]u

T
(1)
ij =

Γij/4
[
R−Rc

ij

]2
+ Γ2

ij/4
,

lwefJ�TUJ

• Γij
NYV�HUe[J^}�i[QYQ�lwNPo�HKe�O
HwefO]Q�}%b�O
mnNYb i[b G]}%O]L.O�_WG]NPonJMo#R?TUGWVUVXNYL[ZcOILfo

• R
c
ij

NYV�HUe[J�VXdpO]R?JkR�G*GWTUo[NtLfOIHKJ�GI}�HKe[J�O�_WG]NPonJMo#R?TUGWVUVXNYL[Zpg
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HUTKNPR?J(VwOITUJ|ZWJ�L[JMTUO]QtQYa�L[G]L[��R�G]bcb inHUNtLfZf��HKefJ^}�G]TUbcO]Q2VXGWQti[HKNYG]L.GI}�J��*ifO
HUNtGWL
vEy �Wy\NPV

U (R) = U (R0) · R̂ · e
−

R

γ

T
(1)(R′)dR′

,
v z-~Wy

O]QtGWL[Z�VXGWbcJ�dpO
HKe
γ : R0 → R

�nlwe[JMTKJ
R̂
NYV�HUe[J�VXdpO]R?J^GWTUonJMTKNYL[Z`G]d,J�T�O
HUG]T�lwN�HUe2u

R̂ {A1 (R1) ·A2 (R2)} =

{
A1 (R1) · A2 (R2) , if γ−1 (R1) ≤ γ−1 (R2) ,
A2 (R2) · A1 (R2) , otherwise.
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γ
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(1) (R′) dR ≈ −
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n=0

T
(1) (R0 + n∆R) ∆R

v z-�Wy

U (R) ≈ U (R0)
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n=0

e−T
(1)(R0+n∆R)∆R
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(1)(R0+n·∆R)∆R

��a�onNPOIZWG]LfO]QtNPVKNtL[Z
T (1) (R0 + n∆R)∆R
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γ
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λ1/2 = ±iα
lwNtHKe

α = |A12|
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HUNtGWL�G]}�HUe[JkJ�NYZ]JML*_WJMR?HKG]T�V\Z]NY_]JMV

U (R) =
1

2

(
1 1
i −i

) (
eiα 0
0 e−iα
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1 −i
1 i

) v|{	�Wy

=

(
cosα (R) sinα12 (R)
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α (R)
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12
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Γ12/4
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12]

2
+ Γ2

12/4
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2
arctan
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